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OBJECTIVE

To describe the longitudinal effects of sex, race-ethnicity, and metabolic factors
on the risk of developing diabetic kidney disease (DKD) in the Treatment Options
for Type 2 Diabetes in Adolescents and Youth (TODAY) cohort.

RESEARCH DESIGN AND METHODS

Urine albumin-to-creatinine ratio (UACR) and estimated glomerular filtration rate
(eGFR) by serum creatinine and cystatin C were assessed annually for up to 15
years after study entry. Markers of DKD included micro- and macroalbuminuria
(UACR ‡30 mg/g and ‡300 mg/g, respectively), hyperfiltration (eGFR ‡135 mL/
min/1.73 m2), and rapid eGFR annual decline (>3 mL/min/1.73 m2 and/or
‡3.3%). The relationships between risk factors and DKD were evaluated longitu-
dinally using time-to-event models.

RESULTS

Data were available on 677 participants, average age at baseline 14 years, with a
mean ± SD follow-up of 10.2 ± 4.5 years. Each 1% increment in HbA1c conferred
higher risk of microalbuminuria (hazard ratio 1.24 [95% CI 1.18, 1.30]), macroal-
buminuria (1.22, [1.11, 1.34]), hyperfiltration (1.11, [1.05, 1.17]), and rapid eGFR
decline (1.12, [1.04, 1.20]). No sex or race-ethnicity differences were observed
for the 14-year cumulative incidence of elevated albuminuria. Higher systolic
blood pressure and baseline serum uric acid, and lower indices of b-cell function
(C-peptide index and oral disposition index [oDI]), increased the risk of microal-
buminuria, while higher triglycerides increased risk of micro- and macroalbumi-
nuria. Lower oDI levels, female sex, and Hispanic ethnicity were associated with
higher risk of hyperfiltration.

CONCLUSIONS

Elevated HbA1c was a shared risk factor among all phenotypes of DKD in this lon-
gitudinal cohort of adolescents and young adults with youth-onset type 2 diabe-
tes. Other risk factors included elevated blood pressure, triglycerides, serum uric
acid, and b-cell dysfunction.
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In the U.S., almost half of patients with
end-stage kidney disease (ESKD) have dia-
betic kidney disease (DKD) (1). Kidney
dysfunction is frequently present at diag-
nosis of type 2 diabetes in youth or
shortly thereafter (2). Because develop-
ment of DKD relates to duration of diabe-
tes and HbA1c, the increasing number of
young people diagnosed with type 2 dia-
betes, if not effectively treated, could dra-
matically add to the economic burden of
this disease over the ensuing decades.
Up to 45% of adolescents with type 2
diabetes are reported to progress to hav-
ing ESKD as adults, with significantly
greater DKD risk in adulthood when com-
pared with youth with type 1 diabetes or
with adults with type 2 diabetes (3,4).
The Treatment Options for Type 2 Dia-

betes in Adolescents and Youth (TODAY)
study demonstrated that the elevated
burden of DKD in youth-onset type 2 dia-
betes accelerated further as patients
matured into young adulthood, but the
determinants are not well characterized
(5). We recently reported a 15-year cum-
ulative incidence of elevated urine albu-
min-to-creatinine ratio (UACR) of 54.8%
(5). In preliminary outcomes from the
initial 5 years of the TODAY study, loss of
glycemic control and hypertension con-
ferred risk of elevated UACR, whereas
insulin resistance was more predictive of
hyperfiltration than conventional risk fac-
tors (2,6). Females with type 2 diabetes
were found to have a threefold greater
risk of developing hyperfiltration over 5
years compared with males (6). Other
risk factors including BMI and elevated
serum uric acid were shown to predict
early findings of DKD over an average
follow-up of 5.7 years (7). In this report,
we provide longitudinal in-depth analy-
ses of risk factors for DKD in the TODAY
study participants followed for a mean ±
SD of 10.2 ± 4.5 years.
The primary aims of this report are to

examine 1) the effects of sex and race-
ethnicity and 2) the impact of glycemic
control (HbA1c) and other metabolic risk
factors (including BMI, blood pressure,
lipids, insulin sensitivity and secretion,
and serum uric acid) on the risk of DKD.

RESEARCH DESIGN AND METHODS

Study Design
A detailed description of the TODAY pro-
tocol (clinical trial reg. no. NCT00081328,
ClinicalTrials.gov) and the primary

outcome results have previously been
published (8,9). Briefly, eligible partici-
pants (n = 699) for enrollment in the
TODAY study were 10 to <18 years old
with type 2 diabetes (American Diabetes
Association 2002 criteria) of <2 years’
duration, BMI $85th percentile, negative
islet cell antibodies, and the presence
of C-peptide (>0.6 ng/mL). Partici-
pants from 15 clinical centers were
enrolled and randomly assigned to receive
metformin monotherapy, metformin plus
rosiglitazone, or metformin plus an inten-
sive lifestyle intervention. The primary
objective of the TODAY study (2004–
2011) was to evaluate the effects of the
three treatment arms on time to treat-
ment failure, defined as loss of glycemic
control (HbA1c $8% for 6 months or
inability to wean from temporary insulin
after acute metabolic decompensation).
After an average of 3.9 years of follow-up,
one-half of the cohort reached this pri-
mary end point, although the metformin
plus rosiglitazone treatment arm was sig-
nificantly associated with more durable
glycemic control (9). As placement in the
initial treatment arm had no impact on
the outcomes reported in this manu-
script, treatment groups were pooled for
analyses.

In 2011, 572 (82%) TODAY participants
enrolled in the TODAY2 postintervention
follow-up study. Between 2011 and 2014,
participants no longer received random-
ized treatment but continued to receive
diabetes-related care every 3 months
from the TODAY study team and were
treated with metformin and/or insulin as
needed to maintain glycemic control.
From 2014–2020, 518 (74% of original
cohort) TODAY participants transitioned
to community care and continued to be
followed by the TODAY study team for
annual observational visits. Characteristics
of the cohort were nearly identical across
all study phases. TODAY and TODAY2
were approved by institutional review
boards at all 15 centers, and all partici-
pants and guardians provided written
informed assent and/or consent as appro-
priate for age and local guidelines.

Risk Factors
During the randomized trial phase of the
TODAY study, participants were seen
every 2 months for the first year after
randomization and quarterly thereafter.
During TODAY2 (2011–2020), participants

were seen every 3 months for 3 years
and annually for 6 years thereafter until
the end of the study. Information on
demographics, detailed medical history,
self-reported medication usage, physical
examination, and fasting laboratory stud-
ies was collected as previously described
(2,8). Blood and spot urine samples were
obtained after a 10- to 14-h overnight
fast and processed and analyzed immedi-
ately as previously described (2). Concen-
trations of serum cystatin C and creatin-
ine and urine creatinine were determined
annually, using the Cystatin immuno-
chemistry assay (Siemens Healthcare
Diagnostics, Newark, DE) on a Siemens
nephelometer autoanalyzer (BN II) and
Creatinine Plus enzymatic Roche reagent
on a Modular P analyzer (Roche Diagnos-
tics, Indianapolis, IN) (2). Oral glucose tol-
erance tests were obtained after a 10- to
14-h overnight fast at baseline, months 6
and 24, annually thereafter during TODAY
through 2014, and at 6 and 9 years
post–randomization in TODAY2. Surrogate
markers of insulin sensitivity (1/fasting
insulin) and b-cell function (C-peptide
index and C-peptide oral disposition index
[oDI], a measure of b-cell function rela-
tive to insulin sensitivity) were calculated
(10). Hypertension and dyslipidemia, all
assessed longitudinally, were evaluated as
previously described (5).

Kidney Outcomes
Microalbuminuria was defined as UACR
$30 mg/g on two of three urine samples
within a 6-month period through 2014
(5). In 2014–2020, microalbuminuria was
defined as elevated UACR at two consec-
utive annual visits or as elevated UACR
on reported therapy. Macroalbuminuria
was defined as UACR $300 mg/g. Moni-
toring and treatment of confirmed ele-
vated UACR were conducted as previously
described (5) through 2014 with a safety
oversight process with use of central data
to monitor and enhance study site compli-
ance and consistency with treatment
protocols.

The full age spectrum (FAS) combined
serum creatinine and cystatin C equa-
tion (FAScombi), which has been vali-
dated in children and adults (11,12),
was used to calculate estimated glomer-
ular filtration rate (eGFR):

FAScombi¼
107:3

a� SCr
Qcrea

1ð1� aÞ � ScysC
QcysC
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where SCr is serum creatinine, and ScysC
is serum cystatin C. The FAS equation is
based on normalized SCr (SCr/Q) and
ScysC (ScysC/QcysC), where Qcrea is the
median SCr from healthy populations,
to account for age and sex, and QcysC

(the median ScysC from healthy popula-
tions) is defined as 0.82 mg/L for ages
<70 years. The coefficient a in the
denominator is a weighting factor for
the normalized kidney biomarkers. We
used a = 0.5, which means the denomi-
nator is equal to the average of both
normalized biomarkers (13).

Hyperfiltration was defined as eGFR
(FAS combined equation) $135 mL/
min/1.73 m2 at two consecutive visits.
Rapid eGFR decline was defined as an
annual eGFR decline >3 mL/min/1.73
m2 and/or $3.3% at two consecutive
visits (14,15). Kidney Disease: Improving
Global Outcomes (KDIGO) classifications
were also examined (16).

Statistical Analysis
Baseline characteristics of the participants
with microalbuminuria, hyperfiltration,
both, or neither were compared using
ANOVA F tests for quantitative variables
and multinomial logistic regression for
categorical variables. Variables with a
skewed distribution were log transformed
as appropriate prior to testing, and back-
transformed geometric means with 95%
CIs are presented in figures for continu-
ous outcomes. The Kaplan-Meier method
was used to estimate the cumulative inci-
dence of the first occurrence of any sus-
tained kidney outcome (microalbumin-
uria, macroalbuminuria, hyperfiltration, or
rapid eGFR decline) and the log-rank test
was used to compare incidence curves by
sex and race-ethnicity. Multivariable linear
mixed models, adjusted for sex, race-eth-
nicity, and age, were used to evaluate the
effects of select risk factors on the mean
of UACR or eGFR over repeated time
points. Separate univariable and multivar-
iable Cox proportional hazards regression
models were used to estimate the effects
of HbA1c and other risk factors on the
incident risk of kidney outcomes. Partici-
pants with the event at baseline were
excluded from time-to-event analyses.
Covariates were included in the Cox mod-
els as fixed and/or time varying as appro-
priate. For those with a missing covariate
value at a visit, the prior observed value
was carried forward. Each multivariable

Cox model was adjusted for age, sex,
race-ethnicity, systolic blood pressure
(SBP), antihypertensive medication, BMI,
and HbA1c. Analyses were performed
with SAS (version 9.4 for Windows; SAS
Institute, Cary, NC) and considered explor-
atory, with statistical significance defined
as P < 0.05.

RESULTS

Of the 699 TODAY participants enrolled in
the cohort, 677 were included in the
analysis. Participants subsequently found
to have monogenic diabetes mutations
(n = 22) were excluded. Data were cen-
sored at start of bariatric surgery (n =
28). Analyses included all available data
collected at study visits during TODAY
and TODAY2 for up to 15 years of follow-
up (mean ± SD 10.2 ± 4.5 years).

Baseline Characteristics by DKD
Outcomes
Baseline participant characteristics strat-
ified by diagnosis of microalbuminuria
and hyperfiltration status are shown in
Table 1. Participants with hyperfiltration
(n = 115) were more likely to be female
and have high birth weights (>4,000 g)
compared with those with a diagnosis
of microalbuminuria (n = 87) and more
likely to have a history of maternal dia-
betes compared with those with neither
diagnosis (n = 175). Participants with
both microalbuminuria and hyperfiltra-
tion (n = 133) were more likely to be of
Hispanic ethnicity compared with those
without DKD. Participants with both
diagnoses also had higher baseline HbA1c,
UACR, and eGFR compared with those
with neither diagnosis. Baseline UACR
was similar among those with microalbu-
minuria with or without hyperfiltration
(median = �11 mg/g). Baseline UACR
was lower among those with only hyper-
filtration or neither diagnosis (median �
6.0 mg/g). Conversely, baseline eGFR was
similar among those with both diagnoses
or with only hyperfiltration (mean =
�128 mL/min/1.73 min2) but higher
compared with those with only microal-
buminuria or neither diagnosis (mean =
�110–113 mL/min/1.73 min2). Partici-
pants with microalbuminuria had lower
baseline eGFR compared with those with-
out DKD, and those with a diagnosis of
hyperfiltration had lower BMI at base-
line compared with all other groups.

DKD Outcomes Overall and by Sex
and Race-Ethnicity
The baseline prevalence of micro- and
macroalbuminuria was 8.0% and 1.5%,
and the 14-year cumulative incidence
was 47.3% and 15.5%, respectively. No
sex or race-ethnicity differences were
observed for mean UACR (Fig. 1A and B)
or cumulative incidence of micro- and
macroalbuminuria (Fig. 2A–D and Supp-
lementary Table 1). In contrast, mean
eGFR was higher in females compared
with males and highest among Hispanics
(Fig. 1C and D). The baseline prevalence
of hyperfiltration was 12.3%, and the
14-year cumulative incidence was 49.2%.
Cumulative incidence of hyperfiltration
was also higher in females (52.2% vs.
42.5% in males; log-rank P = 0.05) and
Hispanics (63.0% vs. 38.3% in non-His-
panic Blacks and 36.5% in non-Hispanic
Whites; log-rank P < 0.0001) (Fig. 2E
and F and Supplementary Table 1).
The 14-year cumulative incidence for
rapid eGFR decline was 22.9%, with no
differences found by sex or race-ethnicity
(Supplementary Fig. 1). There were no
statistically significant associations in the
development of any DKD outcomes in
relation to treatment group in the TODAY
trial (data not shown).

Risk Factors for Micro- and
Macroalbuminuria
In univariable Cox proportional hazard
ratio (HR) models (Supplementary Table
2), increases in BMI, HbA1c, blood pres-
sure (SBP and diastolic blood pressure
[DBP]), eGFR, baseline serum uric acid,
and log triglycerides and decreases in
HDL, insulin sensitivity, and markers of
b-cell dysfunction (C-peptide index and
oDI) were associated with risk of micro-
albuminuria. Hypertension, hyperfiltra-
tion, triglyceride dyslipidemia, loss of
glycemic control during the TODAY ran-
domized clinical trial, and antihyperten-
sive (primarily ACE inhibitor/angiotensin
receptor blocker) and lipid-lowering medi-
cation use were also associated with risk
of microalbuminuria.

In multivariable Cox proportional HR
models, increases in HbA1c (HR 1.24 [95%
CI 1.18, 1.30], P < 0.0001), SBP (HR 1.16
[95% CI 1.03, 1.32], P = 0.02), log tri-
glycerides (HR 1.30 [95% CI 1.11, 1.52],
P = 0.001), and baseline serum uric acid
(HR 1.21 [95% CI 1.06, 1.38], P = 0.006)
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and decreases in insulin sensitivity (HR
0.85 [95% CI 0.74, 0.96], P = 0.01) and
secretion (C-peptide oDI) (HR 0.80 [95%
CI 0.69, 0.93], P = 0.004) remained associ-
ated with greater risk of microalbuminu-
ria (Table 2).
Similar associations were observed

for risk of macroalbuminuria (Supple-

mentary Table 2), with a few notable

differences: BMI, eGFR, lipid-lowering

medication, and HDL did not relate to

risk of macroalbuminuria in univari-

able models. After multivariable adju-

stments, increases in HbA1c (HR 1.22

[95% CI 1.11, 1.34], P < 0.0001) and

log triglycerides (HR 1.49 [95% CI

1.17, 1.88], P = 0.001) remained asso-

ciated with risk of macroalbuminuria

(Table 2), and maternal diabetes and

small birth weight (<2,500 g) were

independently associated with risk

of macroalbuminuria (Supplementary

Table 2).

Risk Factors for Hyperfiltration and
Rapid eGFR Decline
In univariable Cox proportional HR models

(Supplementary Table 3), maternal diabe-

tes and large birth weight (>4,000 g)

were associated with risk of hyperfiltra-

tion. In addition, higher HbA1c and log

triglycerides and decreases in b-cell func-

tion (C-peptide index and oDI) were asso-

ciated with risk of hyperfiltration in

univariable models. After multivariable

adjustments, HbA1c (HR 1.11 [95% CI

1.05, 1.17], P = 0.0002) and C-peptide

oDI (HR 0.77 [95% CI 0.65, 0.90], P =

0.001) remained significant risk factors

for hyperfiltration, along with female sex

(HR 1.38 [95% CI 1.01, 1.91], P = 0.04)

and Hispanic ethnicity (HR 1.78 [95% CI

1.19, 2.68], P = 0.005) (Table 3).
Increases in HbA1c, blood pressure (SBP

and DBP), and log UACR, as well as ACE
inhibitor/angiotensin receptor blocker
use, loss of glycemic control during the

TODAY randomized clinical trial, hyperten-
sion, and microalbuminuria, were associ-
ated with risk of rapid eGFR decline in
univariable models (Supplementary
Table 3). After multivariable adjustments,
HbA1c (HR 1.12 [95% CI 1.04, 1.20], P =
0.004) remained associated with risk of
rapid eGFR decline but not blood pres-
sure or log UACR (Table 3). Hyperfiltration
was not significantly associated with risk
of rapid eGFR decline in a univariable Cox
model (HR 1.46 [95% CI 0.96, 2.23], P =
0.08); however, after multivariable adjust-
ments for age, sex, and race-ethnicity,
hyperfiltration was associated with a sig-
nificantly higher risk of rapid eGFR decline
(HR 1.66 [95% CI 1.08, 2.55], P = 0.02).

Longitudinal Associations of UACR
and eGFR With Clinical Risk Factors
UACR and eGFR, as continuous variables,
positively correlated with increases in
common clinical risk factors over time,
except for BMI (Supplementary Fig. 2).

Table 1—Baseline demographic and metabolic characteristics of TODAY participants by diagnosis of elevated
microalbuminuria (UACR $30 mg/g) or hyperfiltration during the study

Baseline characteristics

Both UACR $30 mg/g
and hyperfiltration
(n = 133 [26.1%])

UACR $30 mg/g only
(n = 87 [17.1%])

Hyperfiltration only
(n = 115 [22.5%])

Neither
(n = 175 [34.3%]) P

Sex
Female 90 (67.7) 44 (50.6) 83 (72.2) 111 (63.4) 0.01a

Male 43 (32.3) 43 (49.4) 32 (27.8) 64 (36.6)

Race-ethnicity

Non-Hispanic Black 39 (29.3) 40 (46.0) 32 (27.8) 64 (36.6) 0.002
Hispanic 72 (54.1)a 30 (34.5) 59 (51.3) 61 (34.9)a

Non-Hispanic White 17 (12.8) 15 (17.2) 21 (18.3) 42 (24.0)
Other 5 (3.8) 2 (2.3) 3 (2.6) 8 (4.6)

Age (years) 13.8 ± 2.0 14.1 ± 2.2 13.6 ± 1.9 14.1 ± 1.9 0.12

Type 2 diabetes duration (months) 8.0 ± 6.3 8.5 ± 6.2 7.7 ± 5.8 7.5 ± 5.9 0.32

Maternal diabetes 58 (48.7) 37 (45.7) 59 (53.2) 54 (32.7) 0.003b

Birth weight

Small (<2,500 g) 13 (14.0) 6 (9.5) 4 (5.5) 11 (8.3) 0.03a

Normal (2,500–4,000 g) 60 (64.5) 52 (82.5) 48 (65.7) 102 (76.7)
Large (>4,000 g) 20 (21.5) 5 (7.9) 21 (28.8) 20 (15.0)

BMI (kg/m2) 35.1 ± 6.9 37.9 ± 8.8 31.8 ± 6.6 35.0 ± 7.5 <0.0001abc

HbA1c (%) 6.1 ± 0.8 6.1 ± 0.8 5.9 ± 0.7 5.9 ± 0.6 0.009d

UACR (mg/g)* 11.0 [22.0] 11.5 [28.0] 6.0 [4.0] 6.0 [5.0] <0.0001abce

eGFR (mL/min per 1.73 min2) 128.3 ± 15.8 110.4 ± 12.4 128.7 ± 14.8 113.0 ± 13.0 <0.0001bcef

Data are n (%), mean ± SD, or median [interquartile range]. Approximately 25% of the 677 participants included in the study did not have
serum creatinine values assessed at baseline; thus, eGFR and hyperfiltration could not be calculated (data from n = 510 participants
included). Information on history of maternal diabetes and participant birth weight was not available for all n = 510 participants; all other
data were complete, with overall N of participants for each variable shown in the column headers. *Based on log-transformed value for test-
ing. Post hoc Bonferroni-adjusted pairwise comparisons were performed when an overall difference was found (P < 0.05) and indicated with
different letter superscripts: aUACR $30 mg/g only vs. hyperfiltration only; bhyperfiltration only vs. neither; cboth vs. hyperfiltration only;
dboth vs. neither; eUACR $30 mg/g only vs. neither; fboth vs. UACR $30 mg/g only.
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Notable positive associations were
observed between UACR and blood pres-
sure (SBP and DBP) and triglycerides,
while modest associations were observed
between HbA1c and eGFR.

Chronic Kidney Disease Risk by
KDIGO Classification
For UACR, 64% of participants were
in the optimal to high normal range,
whereas 24% were at high risk and
12% at very high and nephrotic range
(Supplementary Fig. 3). For eGFR,
95% were in the high and optimal eGFR
range, 4% in mild impairment range, and
<1% in severe impairment range.

CONCLUSIONS

Findings from the current analyses exam-
ining risk factors for DKD progression in
youth-onset type 2 diabetes demonstrate
that HbA1c, blood pressure, triglycerides,
and baseline serum uric acid relate to risk
of elevated UACR, while HbA1c indepen-
dently conferred risk of hyperfiltration
and rapid eGFR decline. Female sex and
Hispanic ethnicity associated with risk of
hyperfiltration, and maternal diabetes
magnified risk of macroalbuminuria and

hyperfiltration. b-Cell dysfunction remai-
ned a significant risk factor for microal-
buminuria and hyperfiltration, even after
adjustment for potential confounders
such as HbA1c.

Youth-onset type 2 diabetes has been
associated with higher risk for DKD and
ESKD than adult-onset type 2 diabetes
and type 1 diabetes (3,4). In the linkage
of the Australian National Death Index
with the comprehensive Australia and
New Zealand Dialysis and Transplant
Registry (ANZDATA), it was reported
that type 2 diabetes diagnosed prior to
30 years of age was associated with a
substantially higher risk for ESKD by 40
years of diabetes duration despite ini-
tially better baseline kidney function
and less ESKD in the first 10–15 years of
diabetes. In the SEARCH for Diabetes in
Youth (SEARCH) study, investigators
found a greater than twofold odds of
having DKD among adolescents with
type 2 diabetes compared with those
with type 1 diabetes (17). The results of
TODAY and TODAY2 support these data
by showing a uniquely high burden of
DKD, with >50% of participants with
youth-onset type 2 diabetes developing

DKD by, on average, 10 years of follow-
up (5).

DKD stems from glomerular and tubu-
lar damage sustained from a combination
of risk factors including hyperglycemia.
Poor glycemic control provokes structural
kidney injuries including glomerular and
tubular basement membrane thickening,
mesangial and interstitial matrix expan-
sion, tubular atrophy, and glomerular
sclerosis (18,19). Consistent with our data
in TODAY and TODAY2, the Diabetes Con-
trol and Complications Trial (DCCT) and
follow-up Epidemiology of Diabetes Inter-
ventions and Complications (EDIC) stud-
ies as well as the Oxford Regional
Prospective Study of young adults with
type 1 diabetes have conclusively
established that hyperglycemia is directly
associated with DKD (2,20,21). In addition
to hyperglycemia, hypertension has been
shown to accentuate progression of DKD
(22,23). Sexual dimorphism may also play
a key role in the pathogenesis of DKD,
yet the data on sex and DKD risk are
inconsistent. In TODAY and TODAY2, the
cumulative incidence of hyperfiltration
was higher in females and Hispanics,
although no differences were observed

Figure 1—DKD outcomes (mean UACR and eGFR) by sex and race-ethnicity over time. Mean DKD outcomes: for up to 14 years of follow-up. Data
from the “other” race-ethnicity group not included due to small numbers. NH, non-Hispanic.
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for micro- or macroalbuminuria or rapid
eGFR decline. Other DKD studies have
reported a higher risk in men (24), a

higher risk in women (20,25,26), or no
sexual dimorphism (27). Due to the lack
of measured glomerular filtration rate,

we cannot rule out that the sex and
race/ethnicity differences that we obs-
erved for eGFR were a function of serum

Figure 2—Cumulative incidence of DKD outcomes (microalbuminuria, UACR $30 mg/g; macroalbuminuria, UACR$300 mg/g; and hyperfiltration)
by sex and race-ethnicity. Kaplan-Meier cumulative incidence curves for the DKD outcomes, with number of participants at risk at 0, 6, and 12
years. The number at risk beyond year 12 declines as a function of staggered entry into the cohort from 2004 to 2008. P value for difference by sex
and race-ethnicity based on log-rank test. Data from the “other” race-ethnicity group are not included due to small numbers. NH, non-Hispanic.
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creatinine and cystatin C rather than
actual differences in filtration. A relation-
ship between birth weights <2,500 g and
risk for DKD by young adulthood has also
been described in Pima Indians with type
2 diabetes where higher prevalence of
DKD was noted in both the low and high

birth weight groups (28). This relationship
may relate to insulin resistance, as low
birth weight has been associated with
increased insulin resistance, whereas high
birth weight is associated with higher risk
of obesity (29). In the current study, high
birth weights were more prevalent in

participants who experienced hyperfiltra-
tion compared with those who did not.
Other important risk factors for the devel-
opment and progression of DKD in young
persons with diabetes include elevated
LDL cholesterol and/or triglycerides (30)
and serum uric acid (7). Timely

Table 2—Multivariable Cox proportional hazards models predicting microalbuminuria (UACR $30 mg/g) and
macroalbuminuria (UACR $300 mg/g)

Characteristics (reference group or unit change)

UACR $30 mg/g UACR $300 mg/g

HR 95% CI P HR 95% CI P

Sex (female vs. male) 1.07 0.80, 1.43 0.63 1.04 0.60, 1.80 0.88

Race/ethnicity (vs. non-Hispanic White)

Non-Hispanic Black 1.04 0.68, 1.60 0.84 1.26 0.50, 3.21 0.62
Hispanic 1.36 0.90, 2.07 0.15 2.03 0.83, 5.02 0.12

Age (per year) 0.96 0.90, 1.03 0.30 0.91 0.80, 1.03 0.14

BMI (per 5 kg/m2) 1.06 0.98, 1.15 0.14 0.89 0.75, 1.06 0.20

HbA1c (per %) 1.24 1.18, 1.30 <0.0001 1.22 1.11, 1.34 <0.0001

SBP (per 10 mmHg) 1.16 1.03, 1.32 0.02 1.16 0.93, 1.44 0.20

eGFR (per 10 mL/min/1.73 m2) 1.01 0.94, 1.08 0.77 0.97 0.87, 1.09 0.65

Log triglycerides (per SD) 1.30 1.11, 1.52 0.001 1.49 1.17, 1.88 0.001

Log insulin sensitivity (per SD) 0.85 0.74, 0.96 0.01 0.89 0.71, 1.11 0.29

Log C-peptide oDI (per SD) 0.80 0.69, 0.93 0.004 0.80 0.62, 1.04 0.09

Baseline serum uric acid (per mg/dL) 1.21 1.06, 1.38 0.006 1.13 0.87, 1.48 0.35

HRs (with 95% CIs and P values) per reference group or unit change (as indicated) in separate Cox proportional hazards model predicting the
risk of UACR $30 mg/g or UACR $300 mg/g during the study. Each model is minimally adjusted for age, sex, race-ethnicity, SBP, BMI,
reported use of antihypertensive medication, and HbA1c. Factors are entered as fixed (sex, race-ethnicity, age at baseline, baseline serum uric
acid) or as time-dependent (all other factors, assessed or measured at, or at the most recent visit up to, the particular time of the event or
right censoring time) covariates in the models.

Table 3—Multivariable Cox proportional hazards models predicting hyperfiltration and rapid eGFR decline

Characteristics (reference group or unit change)

Hyperfiltration Rapid eGFR decline

HR 95% CI P HR 95% CI P

Sex (female vs. male) 1.38 1.01, 1.91 0.04 1.16 0.74, 1.82 0.41

Race/ethnicity (vs. non-Hispanic White)

Non-Hispanic Black 0.85 0.54, 1.33 0.46 0.90 0.52, 1.59 0.73
Hispanic 1.78 1.19, 2.68 0.005 0.60 0.33, 1.08 0.09

Age (per year) 0.99 0.92, 1.07 0.8 1.06 0.95, 1.18 0.31

BMI (per 5 kg/m2) 0.96 0.87, 1.05 0.34 0.88 0.76, 1.02 0.09

HbA1c (per %) 1.11 1.05, 1.17 0.0002 1.12 1.04, 1.20 0.004

SBP (per 10 mmHg) 1.02 0.89, 1.17 0.76 1.16 0.96, 1.40 0.13

Log UACR (per SD) 0.97 0.81, 1.16 0.75 1.18 0.93, 1.50 0.17

Log triglycerides (per SD) 1.16 0.98, 1.37 0.09 0.94 0.74, 1.19 0.57

Log insulin sensitivity (per SD) 1.02 0.87, 1.18 0.83 1.14 0.92, 1.40 0.23

Log C-peptide oDI (per SD) 0.77 0.65, 0.90 0.001 1.10 0.87, 1.41 0.42

HRs (95% CIs and P values) per reference group or unit change (as indicated) in separate Cox proportional hazards model predicting the risk
of hyperfiltration and rapid eGFR decline during the study. Each model is minimally adjusted for age, sex, race-ethnicity, SBP, BMI, reported
use of antihypertensive medication, and HbA1c. Factors are entered as fixed (sex, race-ethnicity, age at baseline) or as time-dependent (all
other factors, assessed or measured at, or at the most recent visit up to, the particular time of the event or right censoring time) covariates
in the models.
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identification of individuals at risk for
DKD is critical to initiate kidney protec-
tive pharmacotherapies and possibly
reverse the early stages of DKD.
Despite the high burden of kidney dys-

function in youth-onset type 2 diabetes,
there is optimism for kidney-protective
pharmacotherapies to mitigate risk for
DKD. For adults with type 2 diabetes,
sodium–glucose cotransporter 2 (SGLT2)
inhibitors have been shown to attenuate
albuminuria and reduce DKD progression,
including delaying ESKD by >15 years or
avoiding it entirely (31–33). Glucagon-like
peptide 1 (GLP-1) receptor agonists have
also demonstrated attenuation of albu-
minuria in cardiovascular outcome trials
(34). Finally, the Study Of Diabetic Nep-
hropathy With Atrasentan (SONAR) trial,
a randomized controlled clinical trial to
evaluate the long-term effects of the
selective endothelin A receptor antago-
nist astrasentan, demonstrated reduction
in the doubling of serum creatinine or
ESKD by 35% in participants with type 2
diabetes and elevated albuminuria over
follow-up of 2.1 years (35).
The approval of newer type 2 diabetes

therapies that impact both weight reduc-
tion and glycemic control in youth with
obesity and type 2 diabetes has the
potential to improve kidney outcomes,
but the cardiovascular and kidney out-
come trials have been limited to adults
with type 2 diabetes. It remains unclear
whether or how these findings will trans-
late to youth or young adults with type 2
diabetes. Safety and efficacy trials with
SGLT2 inhibitors and GLP-1 receptor ago-
nists are ongoing, and there are limited
data published.
Although liraglutide is approved for

use in youth-onset type 2 diabetes for
glycemic control (36), it remains unclear
whether GLP-1 receptor agonists can
also mitigate progression of DKD in
youth with type 2 diabetes. SGLT2 inhibi-
tors and endothelin receptor antagonists
are thought to confer greater kidney pro-
tection than GLP-1 receptor agonists but
are not yet approved in youth-onset
type 2 diabetes. The cumulative TO-
DAY studies data underscore the com-
plexity of risks factors implicated in
the accelerated risk for development
of early DKD in youth-onset type 2
diabetes, and combination therapies
or interventions that address several

risk factors are likely needed to effec-
tively impede progression of DKD (37).

The TODAY studies have important
strengths and limitations. Limitations inc-
lude the use of eGFR and insulin sensitiv-
ity in lieu of direct measurements, such
as repeated gold standard assessments of
GFR and insulin sensitivity, although such
arduous methods would pose many chal-
lenges across multiple sites in a large,
long-term longitudinal study of youth.
Additionally, our data were limited to ran-
dom UACR collections instead of timed
urine collections, and there were limited
events of chronic kidney disease to allow
for analyses. There are several strengths
of this multicenter study, including long-
term retention and follow-up of a unique
cohort of participants with youth-onset
type 2 diabetes who were comprehen-
sively and regularly phenotyped and
racially diverse. Prompt recruitment
of youth diagnosed with type 2 diabe-
tes within 2 years (and on average
<8 months) of onset in the TODAY
study is a strength. The relatively large
number of participants with youth onset
with available data at several times points
for eGFR and UACR is unique and allowed
us to delineate risk factors for discrete
DKD phenotypes.

In conclusion, adolescents with
type 2 diabetes exhibit a high risk for
DKD over a mean ± SD follow-up of
10.2 ± 4.5 years. Elevated HbA1c was
a shared risk factor among microalbu-
minuria, macroalbuminuria, hyperfil-
tration, and rapid eGFR decline in
youth-onset type 2 diabetes. We also
identified distinct risk factors for
these DKD phenotypes, arguing for
targeted surveillance for young per-
sons with type 2 diabetes who exhibit
these risk factors. In utero diabetes expo-
sure and birth weight associations under-
score the need to monitor and attenuate
pregnancy-related risk fac-tors to impede
the development of DKD. Finally, adjunc-
tive therapeutic strategies that can target
associated risk factors hold promise to
mitigate the progression of DKD in youth-
onset type 2 diabetes.
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